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Abstract: We construct a model based on an extra gauge symmetry, SU(2)X×U(1)B−L,
which can provide gauge bosons to serve as weakly-interacting massive particle dark matter.
The stability of the dark matter is naturally guaranteed by a discrete Z2 symmetry that
is a subgroup of SU(2)X . The dark matter interacts with standard model fermions by
exchanging gauge bosons which are linear combinations of SU(2)X×U(1)B−L gauge bosons.
With the appropriate choice of representation for the new scalar multiplet whose vacuum
expectation value spontaneously breaks the SU(2)X symmetry, the relation between the
new gauge boson masses can naturally lead to resonant pair annihilation of the dark matter.
After exploring the parameter space of the new gauge couplings subject to constraints from
collider data and the observed relic density, we use the results to evaluate the cross section
of the dark matter scattering off nucleons and compare it with data from the latest direct
detection experiments. We find allowed parameter regions that can be probed by future
direct searches for dark matter and LHC searches for new particles.
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1 Introduction
The standard model (SM) of particle physics has been very successful in describing an
enormous amount of experimental data at energies up to O(100)GeV. There are, however,
questions remaining that require physics beyond the minimal SM to address. Among
the outstanding issues are the explanations for the astronomical evidence of dark matter
(DM) and for the numerous experimental indications of neutrino mass [1]. It is then of
great interest to explore a new physics scenario in which the DM and neutrino sectors are
intimately connected.
Previously, we have considered a simple model which provides not only DM of the
popular weakly-interacting massive particle (WIMP) type, but also a means to endow
neutrinos with mass [2]. The DM candidate belongs to a complex scalar singlet stabilized
by a Z2 symmetry that is not imposed in an ad hoc way, but instead emerges from an
extra Abelian gauge group related to baryon number minus lepton number, U(1)B−L, that
is spontaneously broken by the nonzero vacuum expectation value (VEV) of a new scalar
field, in the Krauss-Wilczek manner [3]. Light neutrino masses are produced via the well-
known seesaw mechanism [4–11], which is triggered with the involvement of the same new
scalar field after the addition of right-handed neutrinos. The DM relic density receives
contributions mainly from diagrams mediated by the Higgs boson and also those mediated
by the U(1)B−L gauge boson, Z
′. It turns out that constraints from collider data and the
observed relic density together imply that the Z ′ mass has to be in the resonance region of
the Z ′-mediated DM annihilation, namely about twice the DM mass. Furthermore, results
from DM direct detection experiments and Higgs data from the LHC favor the dominance
– 1 –
J
H
E
P01(2014)183
of the Z ′-exchange contributions to the relic density. All this motivates us to look for a
different possible scenario in which the resonance condition can be fulfilled naturally.
In this paper, we demonstrate that such a possibility can be realized in a model where
the role of WIMP DM is played by massive gauge bosons associated with a nonabelian
symmetry. Although most of the WIMP DM candidates proposed in the literature are
either fermionic or spinless, those with spin one have also been considered before [12–20].
Here we construct a model based on the gauge group GSM×SU(2)X×U(1)B−L, where GSM
refers to the SM group and the extra gauge symmetries offer gauge bosons which can act as
WIMP candidates. The stability of the DM is naturally maintained by a discrete Z2 sym-
metry which is a subgroup of the new nonabelian gauge group, SU(2)X . This Z2 symmetry
appears after the spontaneous breaking of SU(2)X by the nonzero VEV of a new scalar
multiplet, following the Krauss-Wilczek mechanism [3]. Then the Z2-odd gauge bosons
associated with SU(2)X can serve as DM if they are lighter than other Z2-odd particles
in the model. Since SM fermions are charged under U(1)B−L, the DM can interact with
SM fermions at tree level by exchanging gauge bosons which are obtained from the linear
combinations of SU(2)X and U(1)B−L gauge fields. Thus, the new gauge interactions are
responsible for both the relic abundance and the DM interactions with nucleons. Another
interesting feature of the model is that, the DM being made up of SU(2)X gauge bosons, its
mass is related to the masses of the mediating gauge bosons, implying that resonant pair
annihilation can be naturally achieved by choosing suitable representations of the scalar
fields involved in the breaking of the SU(2)X×U(1)B−L gauge symmetry and ensuring that
their VEVs are sufficiently well separated. What’s more, the presence of the U(1)B−L
gauge symmetry requires the introduction of right-handed neutrinos for gauge-anomaly
cancellation, which in turn participate in the type-I seesaw mechanism to generate light
neutrino masses [4–11], with the right-handed neutrino masses being connected to the
U(1)B−L breaking scale. This model turns out to have sufficient parameter space that is
consistent with current collider, relic density, and DM direct search data. Therefore, it can
be probed further by ongoing or future DM direct detection experiments, and some of the
new particles may be observable at the LHC with sufficient luminosities.
This paper is organized as follows. The next section contains the details of our model
which possesses WIMP DM composed of the gauge bosons of an extra nonabelian gauge
symmetry. We explain how the choices of the new particles and their quantum numbers
can naturally translate into resonant annihilation of the DM. In section 3, we examine
constraints on the new gauge couplings from collider data. In section 4, we deal with the
relic density of our DM candidates and extract the parameter values allowed by its observed
value. In section 5, we use the results to predict the DM-nucleon scattering cross-section
and compare it with current data from direct detection experiments. In section 6, we
comment on the collider phenomenology of the new particles in our model. We conclude
in section 7 with the summary of our study and some more discussion.
2 A model of dark massive gauge boson
Compared to the SM, the new model contains the additional gauge group
SU(2)X×U(1)B−L, where X refers to the massive gauge boson that serves as the DM,
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fSM νR H S φ2 φ1 φ0 φ−1 φ−2 X X
† C3 E
SU(2)X
[
U(1)B−L
]
1 [B − L] 1 [−1] 1 [0] 1 [2] 5 [2] 5 [2] 5 [2] 5 [2] 5 [2] 3 [0] 3 [0] 3 [0] 1 [0]
T3X 0 0 0 0 2 1 0 −1 −2 1 −1 0 0
ZX2 + + + + + − + − + − − + +
Table 1. The charge assignments under SU(2)
X
×U(1)
B−L and Z
X
2 parity of the fermions, scalars
and new gauge bosons in the model, with fSM referring to SM fermions, X = (C1 − iC2)/
√
2, and
T3X denoting the eigenvalue of the third generator of SU(2)X .
whereas B and L stand for baryon and lepton numbers, respectively. We denote the gauge
fields associated with SU(2)X and U(1)B−L by C
µ
k and E
µ, respectively, k = 1, 2, 3, and
their coupling constants gX and gB−L. The model also has new complex scalar fields S and
Φ5 as well as three extra fermions νkR, all of which are singlets under the SM gauge group,
but carry nonzero U(1)B−L charges. Under SU(2)X transformations, S is a singlet, while
Φ5 is a five-plet represented by the column matrix Φ5 =
(
φ2, φ1, φ0, φ−1, φ−2
)
T, where φa
corresponds to the eigenvalue T3X = a of the third generator of SU(2)X . In table 1 we
collect the SU(2)X×U(1)B−L quantum number assignments for the fermions, scalars, and
new gauge bosons in the model, with H being the usual scalar doublet.
The renormalizable Lagrangian for S and Φ5, with H included in the potential V , is
L = (DµS)†DµS + (DµΦ5)†DµΦ5 − V , (2.1)
where
DµS = ∂µS + 2igB−LEµS ,
DµΦ5 = ∂µΦ5 + igX Cµk T (5)k Φ5 + igB−LEµQ(5)B−LΦ5 , (2.2)
V = −µ2ΦΦ†5Φ5 +
(
λS |S|2 − µ2S
)|S|2 + (λHH†H − µ2H)H†H
+ (other quartic terms) . (2.3)
In DµΦ5 above, summation over k = 1, 2, 3 is implicit, and T (5)k and Q(5)B−L are matrices
for the generators of SU(2)X and U(1)B−L, respectively, acting on Φ5, where
T (5)1 =
1
2


0 2 0 0 0
2 0
√
6 0 0
0
√
6 0
√
6 0
0 0
√
6 0 2
0 0 0 2 0

 , T
(5)
2 =
i
2


0 −2 0 0 0
2 0 −√6 0 0
0
√
6 0 −√6 0
0 0
√
6 0 −2
0 0 0 2 0

 ,
T (5)3 = diag(2, 1, 0,−1,−2) , Q(5)B−L = diag(2, 2, 2, 2, 2) . (2.4)
In this paper, we consider the scenario in which the SU(2)X×U(1)B−L gauge symmetry
is spontaneously broken according to
SU(2)X ×U(1)B−L
〈S〉−−→ SU(2)X × ZB−L2
〈Φ5〉−−−→ ZX2 × ZB−L2 , (2.5)
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where 〈S〉 = vS/
√
2 and 〈Φ5〉 =
(
vΦ, 0, 0, 0, 0
)
T/
√
2 are the VEVs of S and Φ5, with
vS ≫ vΦ > 0. Since 〈Φ5〉 6= 0 occurs via its T3X = 2 component, 〈φ2〉 6= 0, the ZX2
symmetry emerges naturally as a subgroup of SU(2)X and the particles with even (odd)
T3X values will be Z
X
2 even (odd), as table 1 shows. On the other hand, Z
B−L
2 is the
remnant of U(1)B−L after 〈S〉 6= 0, as discussed in ref. [2], but does not play a role in
the stabilization of X. Thus, in this scenario the remaining ZX2 guarantees the stability of
the lightest ZX2 -odd particle(s), which can therefore act as DM. Here we choose the gauge
boson X = (C1 − iC2)/
√
2 and its conjugate X† to be the DM, hence tacitly taking the
ZX2 -odd scalar bosons to be more massive than X. It is worth mentioning that we would
arrive at the same results below if 〈Φ5〉 6= 0 through its T3X = −2 component instead.
As for H, its VEV is also nonvanishing and breaks the electroweak symmetry just as in
the SM. We assume that the other parameters in the potential V are such that the vacuum
has the above desired properties, leaving a detailed analysis of V for future work.
After SU(2)X×U(1)B−L spontaneously breaks into ZX2 ×ZB−L2 , the new gauge bosons
acquire in L the mass terms
Lm =
〈
Φ†5
〉 [
gX C
µ
k T (5)k + gB−LEµQ(5)B−L
] [
gX Ck′µT (5)k′ + gB−LEµQ(5)B−L
] 〈
Φ5
〉
+ 4g2B−LE
2〈S〉2
= g2X v
2
ΦX
†
µX
µ +
1
2
(
Cµ3 E
µ
)( 4g2X v2Φ 4gXgB−L v2Φ
4gXgB−L v
2
Φ 4g
2
B−L
(
v2Φ + v
2
S
)
)(
C3µ
Eµ
)
. (2.6)
From the last line, upon diagonalizing the 2×2 matrix in the second term, we obtain
the eigenvalues
m2X = g
2
X v
2
Φ , (2.7)
m2ZL,ZH = 2g
2
X v
2
Φ + 2g
2
B−L
(
v2Φ + v
2
S
)
∓ 2
√[
g2X v
2
Φ − g2B−L
(
v2Φ + v
2
S
)]2
+ 4g2X g
2
B−L v
4
Φ , (2.8)
assuming that mZL < mZH for the mass eigenstates ZL and ZH which are given by(
ZL
ZH
)
=
(
cos θ sin θ
− sin θ cos θ
)(
C3
E
)
, (2.9)
tan(2θ) =
2gXgB−LRv
g2XRv − g2B−L(1 +Rv)
, Rv =
v2Φ
v2S
. (2.10)
In this study, we focus on the case in which v2S ≫ v2Φ and gX ∼ gB−L, implying that
|θ| ≃ gX
gB−L
Rv , (2.11)
m2ZL ≃ 4m2X(1−Rv) , (2.12)
m2ZH ≃ 4m2X
g2B−L
g2XRv
(1 +Rv) . (2.13)
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Accordingly, with Rv ≪ 1, we obtain the mass relation
mZL ≃ 2mX , (2.14)
which naturally leads to resonant annihilation of the DM pair via the ZL-
mediated contribution.
It is worth noting that the five-plet Φ5 is the minimal choice of SU(2)X representation
that can result in the resonant relation in eq. (2.14). In general, for an SU(2)X isospin value
TX and its third component T3X , one would get m
2
X/m
2
ZL
≃ [TX(TX + 1)− T 23X]/(2T 23X)
assuming small mixing angle θ, in analogy to the ρ parameter in the electroweak sector [1].
The neutrino mass-generating sector is the same as that given in ref. [2], the relevant
Lagrangian having the form
Lmν = iλkl ν¯kRHTτ2LlL − 12λ′kl ν¯kR (νlR)cS† + H.c., (2.15)
where summation over k, l = 1, 2, 3 is implicit, λ
(′)
kl are free parameters, τ2 is the second
Pauli matrix, LlL represents a lepton doublet, and the superscript c indicates charge con-
jugation. The Dirac and Majorana mass matrices from these terms are MD = λvH/
√
2
and MνR = λ′vS/
√
2, respectively, where vH is the VEV of H. Hence vS sets the mass
scale of the right-handed neutrinos, νkR. In our examples later on, we will see what values
of vS are compatible with the observed relic density and collider data.
Since X is our chosen candidate for DM and interacts with SM fermions by exchanging
the ZL,H bosons at tree level, in the following two sections we evaluate the new gauge
couplings subject to collider and relic density data. Subsequently, we use the allowed values
of the couplings to predict the cross section of the DM-nucleon scattering and compare it
with the existing results of DM direct detection experiments.
3 Constraints from collider experiments
The gauge bosons ZL and ZH interact with SM fermions at tree level with coupling con-
stants gB−L sin θ and gB−L cos θ, respectively, according to the Feynman rules listed in
appendix A. It follows that measurements on processes mediated by ZL and ZH can offer
constraints on these couplings. Significant restrictions may be available from the data on
e+e− and hadron collisions into fermion pairs, which we treat in this section.
We first look at the constraints from e+e− → ff¯ scattering. In this work we assume
that mixing between the Z boson and ZL,H is negligible, but we will comment on the impact
of kinetic mixing between them later on and discuss it further in appendix B. In the absence
of the mixing, the new gauge couplings have no effects on the Z-pole observables at leading
order. On the other hand, the measurements of e+e− → ff¯ at LEP II with center-of-mass
energies from 130 to 207GeV are relevant [21]. We employ the data on the cross section
and forward-backward asymmetry for f = µ, τ and on the cross section for f = quark. To
evaluate the limits on the new couplings, we include both the ZL and ZH contributions to
the scattering amplitude, their couplings and masses satisfying the relations in eqs. (2.11)–
(2.13). Although ZH is much heavier than ZL, the fermionic couplings of the latter can
– 5 –
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Rv=10-2
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Figure 1. Upper limits on g
X
versus m
X
from LEP II and LHC data on e+e− → ff¯ and
Drell-Yan scattering, respectively, for Rv = 10
−2 (left) and 10−3 (right) under the assumption
that g
X
= g
B−L, compared to the corresponding values of gX (solid curves) consistent with the
observed relic density. The horizontal, straight portions of the dashed and dotted curves correspond
to the perturbativity condition, g
X
<
√
4π.
be much smaller than those of the former to compensate for the suppression of the ZH
contribution to the amplitude due to its bigger mass. In the examples presented below,
the ZH contributions to e
+e− → ff¯ turn out to dominate the ZL ones.
For definiteness and simplicity, hereafter we set gX = gB−L ≥ 0. Adopting the 90%
confidence-level (CL) ranges of the LEP II measurements [21] and using the formulas given
in ref. [22], but with s-dependent Z and ZL,H widths [21], we then scan the mX and
Rv space. To illustrate the results, we display in figure 1 the upper limits on gX versus
mX for Rv = 10
−2 (red dashed curve) and 10−3 (blue dashed curve) on the left and
right sides, respectively. The horizontal, straight portions of the curves correspond to the
perturbativity requirement, gX <
√
4π.
The most recent data from the LHC on the cross-section of the Drell-Yan (DY) pro-
cess in proton-proton collisions at
√
s = 7TeV with 4.5 fb−1 of integrated luminosity
have revealed no discrepancy from the SM expectations and therefore no evidence of ZL,H
bosons [23]. Consequently, we follow the same analysis as in refs. [2, 24] to derive up-
per bounds on the coupling constants using the SM cross-section. In the present case,
we can consider the ZL and ZH contributions separately because we focus on events with
dilepton invariant mass around mZL or mZH where their effects are of different orders for
small Rv. Thus respective constraints are obtained for the pairs
(
mZL , gB−L sin θ
)
and(
mZH , gB−L cos θ
)
. To estimate the DY cross-section numerically, we utilize the CalcHEP
package [25] by incorporating the new particles and Feynman rules of our model. Then we
apply the one-bin log likelihood LL = 2[N ln(N/ν) + ν −N ], where N (ν) is the number
of events predicted by the SM (SM plus the ZL or ZH boson) in the ℓ
+ℓ− invariant mass
window of ±20% around the expected ZL or ZH mass, with
√
s = 7TeV and 4.5 fb−1 of
luminosity. The upper limit on the cross-section is obtained from the solved value of ν for
each ZL or ZH mass, after adopting LL = 2.7 which corresponds to the 90% CL.
We find that the ZH contribution to the DY process yields a stricter bound on gB−L
– 6 –
J
H
E
P01(2014)183
as a function of mZH , as the ZL contribution is strongly suppressed by the small |θ|. We
show the resulting upper-limits on gX
(
= gB−L
)
in figure 1, where mX is related to mZH
by eq. (2.13), for Rv = 10
−2 (red dotted curve) and 10−3 (blue dotted curve) on the left
and right, respectively. We notice that the limit in the Rv = 10
−2 case becomes large at
mX ∼ 5GeV corresponding to mZH ∼ mZ where the SM background is large.
4 Resonant dark matter annihilation and relic density
Now we estimate the relic density of the DM particle, X, in order to search for the model
parameter space consistent with the observed relic density. The thermal relic abundance is
found by solving the Boltzmann equation which describes the number density of the DM.
We employ the approximate solution to the Boltzmann equation for the present-day relic
density Ω, given by [26, 27]1
Ωh2 =
1.07× 109√
g∗ mPl J GeV
, J =
∫ ∞
xf
dx
〈σv〉
x2
,
xf = ln
0.038 g mX mPl 〈σv〉√g∗xf
, (4.1)
where h denotes the Hubble constant in units of 100 km/s/Mpc, g∗ is the number of
relativistic degrees of freedom below the freeze-out temperature Tf = mX/xf , mPl =
1.22 × 1019 GeV is the Planck mass, g = 3 to account for X having spin-1, and 〈σv〉 is
the thermal average of the DM annihilation cross-section. More explicitly [28],
〈σv〉 = x
8m5XK
2
2 (x)
∫ ∞
4m2
X
ds
√
s
(
s− 4m2X
)
K1
(√
s x/mX
)
σann , (4.2)
where Ki is the modified Bessel function of the second kind of order i and σann represents
the cross section of X†X annihilation into all possible final states.
Under the assumptions made in section 2, we find that the main contributions to σann
come from the s-channel transitions X†X → Z∗L → fSMf¯SM. Although ZH -mediated
diagrams also contribute, in this case they can be neglected because of the suppression due
to mZH ≫ mZL and their lack of the resonance enhancement of the ZL-mediated diagrams
in the nonrelativistic region
√
s ∼ 2mX due to mZL ≃ 2mX . Thus, with the Feynman
rules in the appendix A, we arrive at
σann =
g2X g
2
B−L cos
2θ sin2θ
432π
∑
f
√(
s− 4m2X
)(
s− 4m2f
)
m4X s
s2 + 20m2X s+ 12m
4
X(
s−m2ZL
)2
+ Γ2ZLm
2
ZL
×
[(
s+ 2m2f
)∣∣Vˆ ZLf ∣∣2 + (s− 4m2f)∣∣AˆZLf ∣∣2]Nfc , (4.3)
where the sum is over all fermions with masses mf < mX and color factors N
f
c , the
couplings Vˆ ZLf and Aˆ
ZL
f are given in eq. (A.2), and ΓZL is the width of ZL. Now, since
1For a more accurate approximation, see [48].
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m2ZL = 4m
2
X(1−Rv) and s ≥ 4m2X according to eqs. (2.12) and (4.2), respectively, in the
denominator of σann above we have
(
s − m2ZL
)
2 ≥ 16m4XR2v. From the collider bounds
on gB−L = gX derived in the previous section, we find that for the mass range of interest
16m4XR
2
v ≫ Γ2ZLm2ZL . Consequently, the ΓZL term can be neglected in the calculation
of eq. (4.2).
With eqs. (4.1)–(4.3), we can extract the
(
gX ,mX
)
regions compatible with the ob-
served Ω. Its most recent value has been determined by the Planck Collaboration from
the Planck measurement and other data to be Ωh2 = 0.1187 ± 0.0017 [29]. Accordingly,
we require the relic density of X to satisfy the 90% CL (confidence level) range of its
experimental value, 0.1159 ≤ Ωh2 ≤ 0.1215. As mentioned in the preceding section, for
simplicity we take gX = gB−L, implying that |θ| ≃ Rv. The plots in figure 1 display the
resulting gX values allowed by the relic data for Rv = 10
−2 (red solid curve) and 10−3
(blue solid curve) on the left and right panels, respectively. One can see that, although
the ff¯ZL couplings are suppressed by the small mixing angle, |θ| ≪ 1, the observed relic
density can be reproduced with moderate-sized couplings gB−L = gX = O(0.1)-O(1) over
mX ≤ 1000GeV due to the resonance enhancement. This can be partly understood from
the fact that in the resonance region the denominator of σann is dominated by the term(
4m2X −m2ZL
)
2 ∝ R2v which approximately cancels the R2v factor in the numerator.
In figure 1, we can also compare the coupling ranges that fulfill the requirements from
both the collider and relic density data. Evidently, the constraints from LEP II data restrict
the allowed masses to mX & 400 (220)GeV with couplings of O(1) for Rv = 10−2
(
10−3
)
.
The cases with Rv . 10
−4 and mX ≤ 1000GeV are excluded by the LEP II constraints.
Since we have the relation mX = gX vS
√
Rv from eqs. (2.7) and (2.10), it is interesting
to explore the values of vS subject to the same experimental requirements. We illustrate
this in figure 2 obtained with the allowed gX ranges in figure 1. Hence vS should be between
about 5 and 10TeV in order to satisfy both the collider and relic data. This suggests that
our model is compatible with the TeV-scale type-I seesaw scenario.
5 Direct detection of dark matter
The direct detection of X relies on its scattering off a nucleon N elastically, XN →
XN , which proceeds from ZL,H exchanges in the t channel. Since mZH ≫ mZL , the ZH
contribution can be neglected. It follows that in the nonrelativistic limit the cross section
of XN → XN is
σNel =
g2X g
2
B−L cos
2θ sin2θ µ2XN
πm4ZL
≃ g
4
XR
2
v µ
2
XN
16πm4X
, (5.1)
where µXN = mXmN/
(
mX + mN
)
and we have made use of 〈N |u¯γαu + d¯γαd|N〉 =
3N¯γαN [30], the other quarks having vanishing contributions. This indicates that σNel is
not sensitive to gB−L for fixed Rv ≪ 1 .
In figure 3 we plot σNel as a function ofmX for the allowed parameter regions in figure 1,
the red and blue strips belonging to the Rv = 10
−2 and 10−3 cases, respectively. Also
shown are the recent data from DM direct searches. Clearly, much of the σNel prediction
– 8 –
J
H
E
P01(2014)183
1000500200 300 700
5000
10000
15000
mX HGeVL
v S
HG
eV
L
Rv=10-3
Rv=10-2
Figure 2. Values of v
S
versus m
X
satisfying the requirements from both the collider and relic
density data and corresponding to the allowed g
X
regions in figure 1.
still escapes the existing constraints, including the strictest ones from XENON100 [33]
and LUX [38], but it will be probed more stringently by future direct searches such as
XENON1T [46].
Before moving on, we would like to make a few remarks regarding the potential impli-
cations of mixing between the SM and extra gauge bosons in our model. Since none of the
scalar fields in the theory carries both the electroweak and new quantum numbers, there
is no mass mixing between the SM and new gauge bosons. In contrast, as discussed in
appendix B, kinetic mixing between the U(1)Y and U(1)B−L gauge bosons can occur both
at tree and loop levels. We find that the impact of this mixing is not significant on the
results above for the allowed values of the new gauge couplings and ZL mass. Especially,
the relation mZL ≃ 2mX is unaffected. We further find that, although the ZH mass is
sensitive to the kinetic mixing, being enhanced by it, the effect can be minimized if the
mixing parameter has a magnitude below 0.5. Our rough estimate of the relevant loop
diagram in appendix B suggests that mixing size of order 0.5 is not atypical. Lastly, since
the X annihilation and X-nucleon scattering processes are dominated by the ZL contribu-
tions, the increased mZH would not be important for them. It follows that it is reasonable
to neglect the impact of the kinetic mixing.
6 Comments on collider phenomenology
In this section, we briefly discuss how the extra scalar and gauge bosons in our model
may be produced and detected at the LHC. The new scalar bosons coming from Φ5 and S
comprise twelve degrees of freedom in total. Four of them are “eaten” by the new gauge
bosons, making them massive. The remaining extra scalar bosons can be expressed as φeveni
and φoddj , which are linear combinations of Z
X
2 -even and -odd particles, respectively. Since
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Figure 3. Cross-section σNel of XN → XN scattering corresponding to the allowed param-
eter regions in figure 1. The predicted cross-sections are compared to 90%CL upper-limits from
XENON10 (green dashed-dotted curve) [31, 32], XENON100 (black short-dashed curve) [33], CDMS
Ge (red long-dashed curves) [34–36], CDMS Si (blue solid curve) [37], and LUX (purple dashed-
double-dotted curve) [38]. The prediction is also compared to the 90%CL (magenta) signal region
suggested by CoGeNT [39–41], a gray patch compatible with the DAMA modulation signal at the
3σ level [42, 43], two 2σ-confidence (light brown) areas representing CRESST-II data [44], and
a cyan area for a possible signal at 90%CL from CDMS II [45]. Also plotted is the XENON1T
projected sensitivity (brown dashed-triple-dotted curve) [46].
two of the new massive gauge bosons are ZX2 even and the other two Z
X
2 odd, there are six
φeven’s and two φodd’s which are physical. In this study we do not specify the new scalars’
mass spectrum, but one could obtain it by doing a detailed analysis of the scalar potential.
Taking into account the ZX2 parities of the new particles, we find the decay patterns
ZL → fSM f¯SM , (6.1)
ZH → fSM f¯SM, XX†, φeveni φevenj , φoddi φoddj , (6.2)
φeveni → ZL,HZL,H , XX†, X(†)φoddi , ZL,H φeveni , φevenj φevenk , φoddj φoddk , (6.3)
φoddi → ZL,HX, φevenj X, φevenj φoddk , (6.4)
where the particles on the right-hand sides may be off-shell depending on the masses
involved. Throughout we have assumed that X is lighter than new scalar bosons, and
so ZL decays mostly to SM fermions. Since the couplings of ZL,H to the fermions are
proportional to their B −L numbers, ZL,H tend to decay into leptons rather than quarks,
as the decay rates of ZL,H into a charged lepton pair and into a quark-antiquark pair, with
relatively negligible masses, are related by ΓZL,H→ℓ+ℓ− : ΓZL,H→qq¯ ≃ 1 : 3(1/3)2 = 3 : 1.
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The decay branching fractions of the scalar bosons depend on their mass spectrum and
couplings in the potential.
The DM pair, XX†, can be produced through ZL,H exchanges in the s-channel ac-
cording to
pp → Z(∗)L,H + [jet(s), photon(s), etc.] → XX† + [jet(s), photon(s), etc.] , (6.5)
where we need particles other than XX†, such as jets (j’s) or photons (γ’s), for tagging.
Their production signals are therefore jet(s) plus missing energy, photon(s) plus missing
energy, etc. We note that the ZL-mediated contributions dominate these processes because
ZH is much heavier than ZL.
We now estimate the cross-sections of pp → XX†j and pp → XX†γ using the
CalcHEP code package [25] incorporating the new Feynman rules in the model file. The
cross sections are computed for the Tevatron and the LHC with different colliding energies
employing two parameter sets taken from figure 1. The results are listed in table 2. These
cross sections are small compared to current search limits due to the suppression by the
small |θ|. For example, it is estimated that the upper limit of the cross section for jets plus
missing energy in the squark-gluino-neutralino scenario of the minimal supersymmetric
standard model is O(1) fb for the LHC at √s = 7TeV with 4.7 fb−1 of luminosity [47],
which is larger than our cross sections. However, at the LHC the cross-section of pp →
XX†j can reach ∼ 0.1 fb for √s = 8TeV and ∼ 0.5 fb for √s = 14TeV, which are
potentially testable with the appropriate amount of luminosity. The DM can also be
produced singly in association with φoddi , such as in
pp → Z(∗)L,H + · · · → X(†)φoddi + · · · . (6.6)
Since φodd would decay according to eq. (6.4), the specific signal would be charged lep-
tons plus missing energy: X(†)φoddi → XX†ZL → XX†ℓ+ℓ− where ℓ is the electron or
muon. The cross section of this channel is expected to be of similar order as that of XX†
production since the coupling constants involved are the same.
The scalar bosons φeveni and φ
odd
i can be produced through ZL,H exchanges in the
s channel,
pp → Z∗L,H → ZL,H φeveni , (6.7)
pp → Z(∗)L,H → φoddi φoddj , (6.8)
pp → Z(∗)L,H → φeveni φevenj , (6.9)
as well as the channels in eq. (6.6). According to the decay patterns in eqs. (6.3) and (6.4),
the signals of φeveni and φ
odd
i would be two pairs of charged leptons and charged leptons plus
missing energy, respectively. The production cross-sections of the ZL-exchange processes
are suppressed by |θ|2 because the ZLff¯ coupling is proportional to sin θ, whereas the
production cross-sections of ZH -exchange processes are suppressed by the heavy ZH mass.
Thus high luminosities will be required to get a sufficient number of signal events. To
carry out a detailed analysis, one would need to specify the self-couplings and thus the
mass spectrum of scalar bosons. We leave such a study for future work.
– 11 –
J
H
E
P01(2014)183
mX (GeV) gX |θ| σXX†j (fb) σXX†γ (fb)
Tevatron 300 1.8 0.001 6.5× 10−3 1.7× 10−4
600 1.2 0.01 6.0× 10−5 1.8× 10−6
LHC 7TeV 300 1.8 0.001 8.7× 10−2 1.6× 10−3
600 1.2 0.01 5.1× 10−2 1.1× 10−3
LHC 8TeV 300 1.8 0.001 8.6× 10−2 2.3× 10−3
600 1.2 0.01 0.12 1.9× 10−3
LHC 14TeV 300 1.8 0.001 0.46 8.2× 10−3
600 1.2 0.01 0.51 1.0× 10−2
Table 2. Estimated cross-sections of pp (pp¯) → XX†j and pp (pp¯) → XX†γ for two parameter
sets taken from figure 1.
7 Summary and discussion
In this paper we have constructed a model possessing an extra gauge symmetry,
SU(2)X×U(1)B−L, which offers a massive gauge boson, X, associated with SU(2)X playing
the role of WIMP DM. The new gauge bosons become massive after SU(2)X and U(1)B−L
are spontaneously broken by scalar fields Φ5 and S developing nonzero VEVs of vΦ and
vS , respectively, with vS ≫ vΦ. The stability of the DM candidate is guaranteed by a
residual Z2 symmetry that is a subgroup of SU(2)X . At tree level, the dark gauge boson
X can interact with SM fermions by exchanging new gauge bosons ZL,H which arise from
linear combinations of SU(2)X and U(1)B−L gauge fields. The XX
† pair annihilates into
SM fermions by exchanging ZL,H in the s channel. Since the DM is a gauge boson, its mass
can be related to the masses of other gauge bosons in the model. The relation mZL ≃ 2mX
emerges when SU(2)X is broken by the VEV of the SU(2)X scalar five-plet Φ5, naturally
leading to resonant pair annihilation of XX† via ZL exchange. This model also supplies
light neutrino masses with the aid of right-handed neutrinos whose mass terms are gener-
ated when U(1)B−L is spontaneously broken by the VEV of S, which activates the type-I
seesaw mechanism.
We considered the values of the new gauge couplings gX and gB−L in the case where
they are equal subject to constraints from collider data and the observed relic density.
Assuming that Rv = v
2
Φ/v
2
S ≪ 1 and mX ≤ 1TeV, we obtain no parameter space which
survives these experimental restrictions for Rv . 10
−4, but the mX & 400 (220)GeV re-
gion with O(1) couplings is still allowed for Rv = 10−2
(
10−3
)
. We also find that the
corresponding values of vS are between 5 and 10TeV, implying that our model prefers the
TeV-scale type-I seesaw scenario. Subsequently, we explored the X-nucleon elastic scat-
tering cross-section, σNel , for the surviving parameter regions and compared it with data
from the latest DM direct detection experiments. The resulting σNel largely evades the most
recent XENON100 and LUX limits and will be tested more strictly by future DM direct
searches such as XENON1T.
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Finally, we schematically discussed some of the phenomenology of the new particles
at the LHC. The DM particle can be produced as XX† or X(†)φoddi , where φ
odd
i is a
ZX2 -odd scalar boson. The signals of these production processes would be missing energy
plus jets/photons and missing energy plus charged lepton pairs, respectively. The new
scalar bosons can also be produced as φeven(odd)φeven(odd) or φoddX (φevenZL,H), and the
signals for φeven and φodd would be two pairs of charged leptons and missing energy plus
charged leptons, respectively. Their production cross-sections tend to be suppressed due to
the small |θ| value and/or the heavy ZH mass. Nevertheless, our model would be testable
with an appropriate luminosity in the future. To perform a more detailed study would
require specifying the self-couplings in the scalar potential and thus the mass spectrum of
the scalar bosons.
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A Feynman rules for new gauge interactions
The couplings of the fermion f in the model with the ZL,H bosons come from the U(1)B−L
gauge interaction of f described by
L′ = −gB−L f¯γµ
(
LˆEf PL + Rˆ
E
f PR
)
f Eµ , (A.1)
where PL,R =
1
2(1∓ γ5) and LˆEf
(
RˆEf
)
is the B−L value for fL(R). Since E = ZL sin θ+
ZH cos θ, this leads to the Feynman rules
f¯fZµL : −igB−L sin θ
(
Vˆ Ef + Aˆ
E
f γ5
)
γµ , (A.2)
f¯fZµH : −igB−L cos θ
(
Vˆ Ef + Aˆ
E
f γ5
)
γµ , (A.3)
where 2Vˆ Ef = Lˆ
E
f + Rˆ
E
f and 2Aˆ
E
f = Lˆ
E
f − RˆEf . From the kinetic term of the Ck gauge
bosons, −14CkµνCµνk , where Cµνk = ∂µCνk − ∂νCµk − gXǫkrsCµr Cνs , with C3 = ZL cos θ −
ZH sin θ, we derive the Feynman rules
XµXν†ZρL : −igX cos θ
[(
pρX − pρX†
)
gµν +
(
pµ
X†
− pµZL
)
gνρ +
(
pνZL − pνX
)
gµρ
]
, (A.4)
XµXν†ZρH : −igX sin θ
[(
pρX − pρX†
)
gµν +
(
pµ
X†
− pµZH
)
gνρ +
(
pνZH − pνX
)
gµρ
]
, (A.5)
XµXνX
†
ρX
†
σ : ig
2
X(gµνgρσ − gµρgνσ) , (A.6)
XµX
†
νZLρZLσ : ig
2
X cos
2θ (gµνgρσ − gµρgνσ) , (A.7)
XµX
†
νZHρZHσ : ig
2
X sin
2θ (gµνgρσ − gµρgνσ) , (A.8)
XµX
†
νZLρZHσ : 2ig
2
X sin θ cos θ (gµνgρσ − gµρgνσ) , (A.9)
where the momenta are all incoming.
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B Kinetic mixing between U(1)Y and U(1)B−L
In the gauge SU(2)L×U(1)Y×SU(2)X×U(1)B−L sector of our model, the gauge bosons
that may undergo mixing are W3, B, C3, and E, respectively. We can express the La-
grangian for the kinetic and mass terms of these particles after electroweak symmetry
breaking as
LG = −
1
4
Wαω3 W3αω −
1
4
BαωBαω −
1
4
Cαω3 C3αω −
1
4
EαωEαω −
1
2
sinχ BαωEαω
+
1
2
m2W W
2
3 +
1
2
m2BB2 −mW mBWα3 Bα +
1
2
m2C3 C
2
3 +
1
2
m2EE
2 +mC3 µE C
α
3 Eα
= − 1
4
GTαωKG
αω +
1
2
GTα M
2
GG
α , (B.1)
where fαω = ∂αfω−∂ωfα, the sinχ term describes kinetic mixing between the hypercharge
and B−L gauge bosons, B and E, respectively,
mW =
1
2
gL vH , mB =
1
2
gY vH , (B.2)
mC3 = 2gX vΦ , m
2
E = 4g
2
B−L v
2
S + µ
2
E , µE = 2gB−L vΦ , (B.3)
G =


B
W3
E
C3

 , K =


1 0 sχ 0
0 1 0 0
sχ 0 1 0
0 0 0 1

 , M2G =


m2B −mBmW 0 0
−mBmW m2W 0 0
0 0 m2E µEmC3
0 0 µEmC3 m
2
C3

 ,
(B.4)
with sχ = sinχ and gL and gY being the SU(2)L×U(1)Y gauge couplings, respectively. In
LG we have included the sχ term because it does not violate any of the symmetries in the
theory, implying that in general sχ can receive both tree- and loop-level contributions [49–
52], the latter being due to the SM fermions carrying both the U(1)Y and U(1)B−L charges.
It is straightforward to demonstrate that one can convert the kinetic part of LG into the
canonical form, −14 GˆTαωGˆαω, and diagonalize theM2G matrix by making the transformation
G = T˜ OwOz


A
Z
ZH
ZL

 , (B.5)
where A, Z, ZH , and ZL are the mass eigenstates, the photon A staying massless,
T˜ =


1 0 −tχ 0
0 1 0 0
0 0 1/cχ 0
0 0 0 1

 , Ow =


cw −sw 0 0
sw cw 0 0
0 0 1 0
0 0 0 1

 , Oz =


1 0 0 0
0 O11 O12 O13
0 O21 O22 O23
0 O31 O32 O33

 , (B.6)
cχ = cosχ , tχ = tanχ , cw = cos θW ,
sw = sin θW =
cwmB
mW
. (B.7)
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The Ow and Oz matrices are orthogonal, while T˜ is not. The elements Oij encode the
effect of the kinetic mixing, such that in its absence they are given by O11 = 1, O12 =
O21 = O13 = O31 = 0, O22 = O33 = cos θ, and O23 = −O32 = sin θ, which is the case
treated in the main text.
It is also simple to see that the presence of kinetic mixing, sχ 6= 0, affects all of the
couplings of Z and ZL,H to fermions. Since the fermions do not couple directly to the C3
gauge boson, one can write the Lagrangian for their interactions with the W3, B, and E
bosons in terms of the physical states A, Z, and ZH,L as
L′ = −gL Jλ3 W3λ − gY JλY Bλ − gB−L JλB−LEλ
= −e JλemAλ −
[(O11 + O21 tχ sw) gˆZ JˆλZ + O21cχ gB−L JλB−L − O21 tχ cw e Jλem
]
Zλ
−
[O22
cχ
gB−L J
λ
B−L +
(O12 + O22 tχ sw) gˆZ JˆλZ − O22 tχ cw e Jλem
]
ZHλ
−
[O23
cχ
gB−L J
λ
B−L +
(O13 + O23 tχ sw) gˆZ JˆλZ − O23 tχ cw e Jλem
]
ZLλ , (B.8)
where J3,Y,B−L are the currents coupled to the respective fields and we have used
the relations
e = gL sw = gY cw , Jem = J3 + JY , gˆZ JˆZ = cw gL J3 − sw gY JY . (B.9)
From the previous paragraphs, one can infer that the χ-dependent new terms translate
into modifications to Z-pole observables and the e+e− → ff¯ cross-sections, as well as
the Z and ZH,L masses. Consequently, such contributions must respect the pertinent
experimental restrictions. After imposing them, we find that for the ranges of the new
gauge couplings and ZL mass satisfying the relic data requirement the kinetic-mixing effects
are unimportant on the Z and ZL masses, but for sinχ not much less than 1 they could
enlarge the ZH mass substantially compared to that in the χ = 0 case. Specifically, the
increase in mZH would be mild, no more than about 15%, if | sinχ| . 0.5.
To see if such mixing size is reasonable, we consider the two-point polarization diagram
for the B and E gauge bosons with fermions in the loop. Accordingly, we estimate the
kinetic mixing parameter to be [49, 53]
sinχ ≃ −
∑
f
gB−L gY
24π2
(Bf − Lf )Yf ln
∣∣q2∣∣
Λ2
, (B.10)
where the sum is over the SM chiral fermions, Bf − Lf and Yf denote the B − L and
hypercharge values for fermion f , respectively, q is the renormalization scale which we
take to be the U(1)B−L breaking scale, of order 1TeV or greater, and we have applied the
renormalization condition that at some higher scale Λ the sum of the loop and counterterm
contributions vanishes. We note that one could evaluate sinχ more precisely using the
renormalization group equation to resum the large logarithms [53, 54], but the difference
would amount to only a few percent for our scales of interest and therefore can be ignored.
Thus, since
∑
f (Bf − Lf )Yf = 8, taking Λ2 ∼ 106
∣∣q2∣∣ in eq. (B.10) we get sinχ ∼
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0.16 gB−L. For the viable gB−L values we have obtained, this result is compatible with the
| sinχ| number quoted in the last paragraph.
We remark that this is also consistent with the findings of a detailed analysis in ref. [55]
on the phenomenological constraints on a new massive Abelian gauge boson. The effects
of such a particle can be compared to those of ZH which contains mostly its U(1)B−L
component E and has a mass of O(1-10)TeV in our study. For a new massive Abelian
gauge boson in this mass range, the results of ref. [55] imply | sinχ| . 0.6 -1. They also
do not lead to additional restraints on the corresponding viable values of gB−L.
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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